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Abstract Important health disparities are observed in the prevalence of obesity and
associated non-communicable diseases (NCDs), including type 2 diabetes (T2D) and metabolic
dysfunction–associated steatotic liver disease (MASLD) among ethnic groups. Yet, the under-
lying factors accounting for these disparities remain poorly understood. Fructose has been widely
proposed as a potential mediator of these NCDs, given that hepatic fructose catabolism can result
in deleterious metabolic effects, including insulin resistance and hepatic steatosis. Moreover, the
fermentation of fructose by the gut microbiota can produce metabolites such as ethanol and
acetate, both which serve as potential substrates for de novo lipogenesis (DNL) and could therefore
contribute to the development of these metabolic conditions. Significant inter-ethnic differences
in gut microbiota composition have been observed. Moreover, fructose consumption varies across
ethnic groups, and fructose intake has been demonstrated to significantly alter gut microbiota
composition, which can influence its fermenting properties and metabolic effects. Therefore, ethnic
differences in gut microbiota composition, which may be influenced by variations in fructose
consumption, could contribute to the observed health disparities. This review provides an overview
of the complex interactions between host and microbial fructose catabolism, the role of ethnicity
in shaping these metabolic processes and their impact on host health. Understanding these inter-
actions could provide insights into the mechanisms driving ethnic health disparities to improve
personalized nutrition strategies.
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Key points
� Dietary fructose consumption has increased substantially over recent decades, which has been
associated with the rising prevalence of obesity and non-communicable diseases (NCDs) such as
type 2 diabetes and metabolic dysfunction-associated steatotic liver disease.

� Pronounced disparities among different ethnic groups in NCD prevalence and dietary fructose
consumption underscore the need to elucidate the underlyingmechanisms of fructose catabolism
and its health effects.

� Together with the well-known toxic effects of hepatic fructose catabolism, emerging evidence
highlights a role for the small intestinal microbiota in fermenting sugars like fructose into various
bacterial products with potential deleterious metabolic effects.

� There are significant ethnic differences in gut microbiota composition that, combined with
varying fructose consumption, could mediate the observed health disparities.

� To comprehensively understand the role of the gut microbiota in mediating fructose-induced
adverse metabolic effects, future research should focus on the small intestinal microbiota.

� Future research on fructose –microbiota – host interactions should account for ethnic differences
in dietary habits and microbial composition to elucidate the potential role of the gut microbiota
in driving the mentioned health disparities.

Introduction

Dietary fructose consumption has significantly increased
over the past few decades due to the extensive use of
sucrose (table sugar) and high-fructose corn syrup
(HFCS) in processed foods and sugar-sweetened
beverages (SSBs). Among adolescents and adults in
the United States, dietary fructose consumption increased

from 37 to 54.7 g/day between 1977–1978 and 2008 (Vos
et al., 2008). This represents 10.2% of the daily caloric
intake. In contrast to glucose, fructose is metabolized in
a distinctive manner which has been linked to adverse
metabolic dysregulations, including the development
of insulin resistance and hepatic steatosis (Jung et al.,
2022; Lim et al., 2010; Tappy, 2021; Tappy & Lê, 2010).
Increased dietary fructose consumption has been
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proposed as an important mediator of the increasing
incidence of obesity, type 2 diabetes (T2D), metabolic
dysfunction–associated steatotic liver disease (MASLD)
and other non-communicable diseases (NCDs) (Bray
et al., 2004; Johnson et al., 2007; Jung et al., 2022; Lim
et al., 2010; Tappy & Lê, 2010).

The ongoing pandemic of obesity, T2D and other
NCDs represents a significant health and economic
burden. As reported by the World Health Organization
(WHO), in 2021, 7 of the 10 leading causes of mortality
worldwide were NCDs, accounting for 38% of all deaths
(WHO, 2021). This underscores the urgent need for
the development of novel preventive and therapeutic
strategies. However, there are discrepancies in the pre-
valence of these diseases among ethnic groups, even
within the same geographical area (prevention CfDCa,
2024; de Wilde et al., 2018; Hales CM, 2020; Meeks
et al., 2016). These health disparities are already evident
among children, as demonstrated by a study conducted
on children aged 2–15 years living in the Netherlands
(de Wilde et al., 2018). In 2015 the prevalence of obesity
was highest among SouthAsian children (21.5%), whereas
Turkish (7.6%), Moroccan (4.5%) and Dutch (1.5%)
children exhibited significantly lower rates. The pre-
valence of obesity among US adults between 2017 and
2018 was highest among non-Hispanic Black individuals
(49.6%), followed by Hispanic (44.8%), non-Hispanic
White (42.2%) and non-Hispanic Asian adults (17.5%)
(Hales CM, 2020). Furthermore, between 2017 and 2020
the estimated prevalence of diabetes in US individuals
showed notable disparities across ethnic groups, with
rates ranging from 13.6% among non-Hispanic Whites
to 17.4% among non-Hispanic Black individuals (pre-
vention CfDCa, 2024). Similarly the prevalence of T2D
among ethnic minorities in Europe was demonstrated
to be significantly higher when compared to Europeans.
Migrants from South Asian origin exhibited the highest
rate, with an odds ratio (OR) of 3.7 (Meeks et al., 2016).
However the underlying factors causing this difference
in disease burden among ethnicities are not completely
understood (Agyemang et al., 2021).

The latter may be partially attributed to variations
in gut microbiota composition and function, which
is increasingly recognized as a crucial contributor to
metabolic health. In the context of the human ‘microbiota’,
the term encompasses all living organisms that coexist
with their host, including bacteria, algae, archaea, fungi
and small protists (Berg et al., 2020). The human micro-
biota predominantly colonizes the gastrointestinal tract.
Here, the diversity and abundance of bacterial species
increase along the tract, reaching a concentration of
∼1012 colony-forming units per millilitre in the colon
(Kastl et al., 2020). The gut microbiota plays a pivotal
role in the breakdown of certain nutrients, with the
degradation of complex carbohydrates and the formation

of short-chain fatty acids being well established (Oliphant
& Allen-Vercoe, 2019; Rowland et al., 2018). Moreover,
recent research has indicated that the gut microbiota
also plays a substantial role in the metabolism of simple
carbohydrates (Ruigrok et al., 2021; Zoetendal et al.,
2012). In particular, these recent findings indicate that the
small intestinal microbiota (SIM) is highly important in
the metabolism of sugars, including fructose.
The significant differences in the gut microbiota

composition observed among individuals from different
ethnic backgrounds (Brooks et al., 2018; Deschasaux
et al., 2018; Dwiyanto et al., 2021), coupled with the
microbiota’s crucial role in nutrient metabolism, indicate
that fructose catabolism may vary across ethnic groups.
These variations could influence the metabolic effects of
fructose and potentially contribute to the observed health
disparities among individuals from different ethnic back-
grounds.
In this review we aim to provide a comprehensive

overview of the current understanding of fructose host
and microbial catabolism, the associated metabolic
dysregulations and their subsequent health effects. We
will particularly explore the influence of ethnicity on
these processes and its potential contribution to health
disparities.

Trends and ethnic variations in dietary fructose
consumption. Since its introduction in the 1970s, HFCS
has become a main source of added sugar (Parker et al.,
2011; White, 2014). Typically containing 55% fructose
and 45% glucose, HFCS is almost similar in composition
to sucrose, which is 50% fructose and 50% glucose.
However HFCS has several advantages compared to
sucrose. These include its relatively low cost, its liquid
form which makes it more soluble and easier to use
than crystalline sucrose and its ability to retain moisture,
thereby improving the shelf life of products (Parker et al.,
2011; White, 2014). This has led to the widespread use of
HFCS in processed foods, particularly SSBs, which has
contributed to the observed increase in dietary fructose
intake. As awareness of the adverse effects of fructose
consumption has increased, there has been a decline in
added sugar consumption in recent years (DiFrancesco
et al., 2022; Rogers et al., 2024). However, added sugars
still account for a significant proportion of total caloric
intake, remaining above the WHO’s recommended limit
of 5% of total energy intake (WHO, 2015).
It is important to note, however, that general numbers

on fructose and sugar consumption do not account
for variations among different racial and ethnic groups.
Several studies have identified ethnic variations in the
intake of added sugars and SSBs, which are significant
sources of fructose. Between 2017 and 2020 added sugar
intake among US non-Hispanic White, non-Hispanic
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Black and Hispanic adults was 63.8, 71.8 and 59.6 g/day,
respectively (Liu & Mozaffarian, 2024). The percentage
of US adults consuming any SSB on a given day in
2017–2018 was 65.3% for non-Hispanic White, 77.9% for
non-Hispanic Black and 77.8% for Hispanic individuals
(Dai et al., 2021). Furthermore the estimated daily caloric
intake from sugary drinks among US children aged 10–13
years was reported, with the lowest rates observed among
Asian (118.5 calories) andWhite (139.7 calories) children
(Boehm et al., 2022). Similar to the rates noted in adults,
the estimated caloric intake from sugary drinks was found
to be the highest among Black andHispanic children, with
238.9 and 283.3 calories per day, respectively. Moreover,
significant ethnic variation in daily SSB consumption was
reported in a multiethnic Dutch cohort, with Moroccan
adults reporting the highest rates and Dutch individuals
reporting the lowest rates (Balvers et al., 2024). These
results indicate that higher consumption of added sugars,
which include fructose, is predominantly observed among
Black and Hispanic individuals, whereas lower intake is
generally seen among individuals of White and Asian
descent.

Fructose catabolism by the host

Fructose absorption. Dietary fructose is passively
absorbed across the apical membrane of the small
intestine by glucose transporter 5 (GLUT5) and across
the basolateral membrane by glucose transporter 2
(GLUT2) (Burant et al., 1992; Cheeseman, 1993; Kane
et al., 1997; Mueckler & Thorens, 2013). Its apical trans-
port is distinct from that of glucose, which is primarily
facilitated by the active sodium-dependent glucose
co-transporter 1 (SGLT1). SGLT1 transports glucose
with a high affinity and low capacity (Hediger & Rhoads,
1994; Wright et al., 2011). However, at high luminal
glucose concentrations, there is apical recruitment of
GLUT2 (Kellett, 2001; Kellett & Brot-Laroche, 2005),
which mediates diffusive glucose absorption with low
affinity and high capacity (Mueckler & Thorens, 2013;
Uldry et al., 2002). Compared to the fast and (almost)
complete absorption of glucose, fructose absorption is
relatively slow and its capacity is limited (Sun & Empie,
2012), which indicates why fructose malabsorption seems
to be a common phenomenon. One study has indicated
that 53% of healthy participants showed malabsorption
of an oral fructose dose of 25 g and 73% had fructose
malabsorption after a 50 g oral fructose dose (Beyer
et al., 2005). A review of fructose malabsorption rates
in healthy individuals reported malabsorption of an oral
fructose dose of 50 g in 38%–81% of the individuals
and malabsorption of 25 g of oral fructose in 11%–50%
(Gibson et al., 2007). These results indicate that excessive
fructose consumption results in incomplete intestinal
absorption and subsequent overflow of fructose to the

distal small intestine and colon, which can then influence
gut microbiota composition and function. Although
intestinal fructose absorption is limited, fructose feeding
in rats has been shown to induce an increased expression
of intestinal GLUT5 to maximally enhance luminal
fructose uptake (Burant & Saxena, 1994; David et al.,
1995; Shu et al., 1997). GLUT5 mRNA and protein
levels were similarly elevated in the intestine of diabetic
individuals, enhancing fructose absorption (Dyer et al.,
2002). Ras-related protein in brain 11a (Rab11a) is crucial
for GLUT5 trafficking to the apical membrane of the
small intestine (Sobajima et al., 2014). Consequently,
Rab11a would play an important role in the enhancement
of luminal fructose uptake in response to high luminal
fructose levels.

Hepatic fructose catabolism and associated metabolic
effects. After fructose uptake in the intestine, hepatic
fructose catabolism causes various adverse metabolic
effects that can contribute to the development of
insulin resistance and hepatic steatosis (Fig. 1). Hepatic
fructose catabolism is initiated by the phosphorylation
of fructose to fructose-1-phosphate (F1P), catalysed
by ketohexokinase (KHK) (Heinz et al., 1968). F1P
is then cleaved to dihydroxyacetone phosphate and
glyceraldehyde-3-phosphate by aldolase B. This pathway
differs from glucose catabolism, in that it allows fructose
to bypass the main rate-limiting step of glycolysis, leading
to unregulated fructose catabolism (Tappy & Lê, 2010).
This results in a depletion of ATP and an excessive
production of acetyl-CoA, a precursor for fatty acid
synthesis, through pyruvate oxidation (Lim et al., 2010;
van den Berghe et al., 1977). Moreover, when excessive
levels of acetyl-CoA are produced, the metabolic capacity
of the tricarboxylic acid (TCA) cycle is exceeded, resulting
in the accumulation of citrate which serves as a potential
substrate for de novo lipogenesis (DNL) (Lim et al., 2010).
In this process acetyl-CoA is converted to malonyl-CoA,
which inhibits mitochondrial β-oxidation, consequently
contributing to intrahepatic lipid accumulation (Lim
et al., 2010). The depletion of ATP and the subsequent
formation of AMP result in a decline in intracellular
ATP and phosphate levels, stimulating the degradation
of AMP to inosine monophosphate and, consequently,
increased uric acid production (Bode et al., 1973; van
den Berghe et al., 1977). Increased plasma uric acid levels
can induce mitochondrial oxidative stress, which in turn
inhibits aconitase in the TCA cycle, leading to citrate
accumulation (Lanaspa et al., 2012). The accumulation
of citrate then stimulates the activation of the lipogenic
enzymes ATP-citrate lyase (ACL) and fatty-acid synthase
(FAS) leading to fatty acid and triglyceride formation
(Lanaspa et al., 2012). Furthermore, hepatic fructose
catabolism activates the transcription factors sterol
regulatory element binding protein 1c (SREBP-1c)
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and carbohydrate response element binding protein
(ChREBP), which also augment the expression of ACL,
FAS and other lipogenic enzymes, thereby further
enhancing DNL (Koo et al., 2009; Nagai et al., 2002;
Uyeda & Repa, 2006).

In addition to its impact on DNL and hepatic steatosis,
hepatic fructose catabolism has been linked to the
development of hepatic insulin resistance (Aeberli
et al., 2012; Softic et al., 2017; Stanhope et al., 2009;
ter Horst et al., 2016). The mechanisms under-
lying fructose-induced hepatic insulin resistance are
multifaceted. During fructose-induced DNL there is an
increased synthesis of intermediate metabolites, including
diacylglycerols (DAGs). DAGs activate the novel protein
kinase C epsilon, which impairs insulin receptor substrate
1 (IRS-1) activity through serine phosphorylation, thereby
leading to hepatic insulin resistance (Boden et al., 2005;
Samuel et al., 2010; Softic et al., 2020). Fructose-induced
uric acid production can stimulate NADPH oxidase,
producing reactive oxygen species (ROS) (Sautin et al.,
2007). Furthermore uric acid can lead to mitochondrial
dysfunction, increasing mitochondrial ROS production

and inducing mitochondrial oxidative stress (Federico
et al., 2021; Lanaspa et al., 2012). Mitochondrial ROS
production can contribute to endoplasmic reticulum
(ER) stress and vice versa (Jegatheesan & De Bandt, 2017;
Lim et al., 2009). Increased free fatty acids (FFA), as
well as the described uric acid–induced mitochondrial
oxidative stress and ER stress, can activate inflammatory
pathways, leading to the production of inflammatory
cytokines (Federico et al., 2021). More fructose-induced
uric acid production can directly induce inflammation by
activating the NOD-, LRR- and pyrin domain-containing
protein 3 (NLRP3) inflammasome (Braga et al., 2017).
Inflammatory cytokines such as tumor necrosis factor
alpha (TNF-α) and interleukin-6 (IL-6), as well as the
induced oxidative stress and ER stress, can all activate
c-Jun-N-terminal kinase (JNK) and inhibitor of nuclear
factor kappa-β (IKKβ) (Lim et al., 2009; Xie et al., 2021).
Increased activity of JNK and IKKβ also promotes serine
phosphorylation of IRS proteins, thereby contributing to
the development of hepatic insulin resistance (Aguirre
et al., 2002; Chen et al., 2015; Gao et al., 2002; Hirosumi
et al., 2002; Wei & Pagliassotti, 2004; Wei et al., 2005).

Figure 1. Metabolic effects of hepatic fructose catabolism and fructose fermentation
This figure provides an overview of the metabolic effects induced by hepatic fructose catabolism and fructose
fermentation. It illustrates the complexity of fructose-induced metabolic effects which contribute to the
development of insulin resistance and hepatic steatosis.

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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In conclusion, an increased dietary intake of fructose
can lead to various metabolic dysregulations, which
promote the development of hepatic steatosis and
insulin resistance, both of which are hallmarks in the
development of NCDs. In the condition of insulin
resistance, there is impaired inhibition of lipolysis, which
consequently increases FFA flux to the liver (Carpentier,
2021; Choi et al., 2010; Marchesini et al., 2001). Moreover,
insulin resistance stimulates hepatic DNL (Nogueira &
Cusi, 2024; Smith et al., 2020; Utzschneider & Kahn,
2006). Thus, the development of insulin resistance can
further enhance the development of hepatic steatosis.
This indicates that fructose contributes to a vicious cycle
in which various metabolic disturbances reinforce one
another, thereby promoting deleterious effects on host
health.

Fructose catabolism: A role for the small intestine?
Although the liver has traditionally been considered the
primary site of fructose catabolism, recent findings by
Jang et al. (2018) have definitely changed our perspective
of this metabolic process. In their study in mice they
demonstrated that physiological doses of fructose are
primarily metabolized in the small intestine, where
fructose is converted to glucose and organic acids
before entering the portal circulation. Expression of the
enzyme glucose-6-phosphatase (G6Pase), which produces
glucose by dephosphorylating glucose-6-phosphate, has
previously been detected in the human small intestine
(Rajas et al., 1999), suggesting a gluconeogenic potential.
Furthermore, fructose administration led to a marked
increase in the expression of G6pc (catalytic subunit
of G6Pase) and Glut5 genes in the small intestine
of mice, with both showing more than a 20-fold
upregulation (Jang et al., 2018). In addition to these
genes, fructose administration significantly increased the
expression of fructose 1,6-biphosphatase (Fbp1), aldolase
B and triose kinase (Tkfc) in the small intestine, all of
which are involved in fructose catabolism (Jang et al.,
2018). In wild-type mice, fructose feeding induced the
intestinal mRNA and protein expression of fructolytic
and gluconeogenic enzymes (Patel et al., 2015). However,
the fructose-induced upregulation of these enzymes was
impaired in GLUT5-, KHK- and Rab11a knock-out
mice. This suggests that increased fructose uptake and
metabolization are crucial for the regulation of intestinal
fructolytic and gluconeogenic enzymes (Patel et al., 2015).
Thus, the small intestine reduces the passage of

fructose to the liver, protecting it from fructose-induced
hepatic steatosis and insulin resistance (Jang et al., 2020).
Nevertheless, Jang et al. demonstrated that at high fructose
levels (>1 g/kg), fructose clearance and absorption by
the small intestine become saturated, resulting in fructose
overflow to the liver and more distal parts of the intestine.
This opens up new targets for fructose catabolism not only

by the host but also by the gut microbiota, as fructose
becomes available for gut microbial fermentation in the
distal small intestine and colon.

Intestinal fructose catabolism and the gut microbiota: Is
there a link?

Sugar fermentation by SIM. As the small intestine can
efficiently absorb dietary derived sugars, particularly
glucose, sugars are not a primary substrate for the
gut microbiota under regular conditions. Therefore,
sugar fermentation is underexplored when compared
to (indigestible) complex carbohydrate fermentation.
However, as previously described, fructose absorption
can be saturated at high fructose doses making it
available for gut microbial fermentation (Jang et al.,
2018). Moreover, Zoetendal et al. demonstrated that the
SIM is predominantly influenced by the capacity of its
microbial constituents to metabolize sugars, suggesting
an important role for the SIM in sugar fermentation
(Zoetendal et al., 2012). A significant enrichment of
multiple phosphotransferase systems (PTS), which are
used by bacteria for the uptake and phosphorylation of
sugars, was observed in the small intestinal metagenome
when compared to faecal metagenomes (Zoetendal et al.,
2012). Furthermore, there was significant enrichment of
genes encoding pathways related to sugar degradation
and fermentation within the small intestine, including the
pentose phosphate pathway and fermentation pathways,
such as lactate and propionate fermentation (Ruigrok
et al., 2021; Zoetendal et al., 2012). PTS and these
central metabolic pathways were also overrepresented
in the metatranscriptome of the small intestine, once
more highlighting a pivotal role of the SIM in sugar
uptake and catabolism (Zoetendal et al., 2012). In
particular, a majority of PTS transcripts were expressed
by Streptococci, indicating that Streptococci are the pre-
dominant users of the available sugars within the small
intestine (Zoetendal et al., 2012). Additionally, Yilmaz
et al. used ileostoma contents to detect changes in
carbon sources and metabolites between fasted and fed
states (Yilmaz et al., 2022). Notably, there were no
postprandial changes in mono- and disaccharide levels,
suggesting complete uptake of non-absorbed sugars by
the SIM. Collectively, these results indicate that the
SIM is of significant importance in the catabolism of
sugars. Nevertheless, the challenging accessibility of the
small intestine has thus far constrained a comprehensive
investigation into the SIM and sugar catabolism. More
research is warranted to further identify key microbial
species and elucidate the metabolic pathways involved in
vivo.
Fructose fermentation and host effects. The gut
microbiota can metabolize or ferment diet-derived
sugars through a variety of pathways. The glycolytic
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Embden–Meyerhof–Parnas, Entner–Doudoroff and
pentose phosphate pathways are used to metabolize
sugars into pyruvate as a primary end product (Wolfe
Alan, 2015). Although glucose is the primary substrate,
other hexoses and pentoses can also enter these glycolytic
pathways. In the case of fructose, prior conversion to
a phosphorylated form of either fructose or glucose
is required. The pyruvate yielded by these glycolytic
pathways can be fermented by the gut microbiota through
various fermentation pathways, producing a diverse
range of metabolites. The specific metabolites formed are
dependent on the pathway employed and the potential for
cross-feeding among bacteria. Lactic acid fermentation
is an important fermentation pathway utilized by lactic
acid bacteria (LAB), which are particularly abundant
in the small intestine (Leite et al., 2020). Some LAB
possess the enzyme phosphoketolase, enabling them
to perform heterolactic fermentation. In this pathway
sugars, including fructose, enter the glycolytic pentose
phosphate pathway, followed by the phosphoketolase
pathway (Pessione, 2012; Wang et al., 2021; Wolfe Alan,
2015). The end products of heterolactic fermentation
include lactate, ethanol or acetate and CO2. Heterolactic
bacteria are primarily found within the family Leuco-
nostocaceae, including the genera Leuconostoc, Weisella
andOenococcus and some Lactobacillus species (Pessione,
2012; Wang et al., 2021; Wolfe Alan, 2015).

Gut microbiota–derived acetate and ethanol from
fructose fermentation can exert deleterious effects
on the host. Microbial acetate can be activated into
acetyl-CoA in both the cytosol and the mitochondria,
unlike acetyl-CoA derived from the host’s fructose
catabolism, which is produced only in the mitochondria
(Fig. 1). Cytosolic acetyl-CoA can serve as an important
precursor for fatty acid synthesis, promoting DNL.
Mitochondrially produced acetyl-CoA is converted into
citrate, which can be transported to the cytosol and
converted back to acetyl-CoA to be involved fatty acid
synthesis (Moffett et al., 2020). However, the amount
of citrate that exits the mitochondria depends on the
availability of mitochondrial acetyl-CoA (depending on
the nutritional state) and the tissue’s energy demands,
which may require full oxidation of citrate (Moffett
et al., 2020). In mice, it has been shown that microbial
acetate (and its cytosolic activation) plays a big role in
hepatic lipogenesis (Zhao et al., 2020a). Notably, there
is also literature on the signalling effect of acetate and
its role in activating β-oxidation activation (den Besten
et al., 2015). Similar to the previous discussion this
will largely depend on the availability of the acetate
pool, which, in the case of excessive fructose intake, is
expected to overwhelm cellular processes. Furthermore,
ethanol can be metabolized into acetaldehyde and
subsequently converted to acetate, therefore also
serving as a potential substrate for DNL. In addition

to this pathway, ethanol has a significant impact on
numerous aspects of lipid metabolism, promoting lipid
accumulation and contributing to the development of
hepatic steatosis and insulin resistance (Lustig, 2013;
You & Arteel, 2019). Not unsurprisingly, increased
endogenous ethanol production by the gut microbiota
has been associated with the development of MASLD
ametabolic dysfunction-associated steatohepatitis
(MASH) (Meijnikman et al., 2022; Yuan et al., 2019;
Zhu et al., 2013).
In addition to the described ethanol production

through heterolactic fermentation, gut microbiota can
produce ethanol from sugar fermentation through
additional pathways such as mixed acid fermentation.
This process yields multiple end products, including
ethanol, lactate, acetate, succinate, formate and
gases, and is intestinal pH dependent. Mixed acid
fermentation is carried out by bacteria belonging to the
Enterobacteriaceae family, in particular Escherichia coli
(Ciani et al., 2008; Ward, 2015). The Enterobacteriaceae
family constitutes a small fraction of the healthy human
gut microbiota (Moreira de Gouveia et al., 2024).
Although they are typically more abundant in the colon,
they also represent a substantial portion of the less-dense
microbial population in the small intestine (Yersin &
Vonaesch 2024; Leite et al., 2020).
A recent systematic review by Mbaye et al. identified

85 ethanol-producing microbes in humans, including
both fungi and bacteria (Mbaye et al., 2024). The most
represented bacterial family was Enterobacteriaceae, pre-
dominantly comprising E. coli and Klebsiella pneumoniae
species, in addition to other identified bacterial species
belonging to the Lachnospiraceae and Clostridiaceae
families and the Lactobacillales order. In humans some
K. pneumoniae strains were previously associated with
high endogenous alcohol production (Yuan et al., 2019).
Fructose could be a substrate for ethanol production,
but evidence is limited on ethanol-producing micro-
biota on fructose in particular. One article described
significant ethanol production from fructose fermentation
in Weisella confusa, a species belonging to the group
of LAB (Elshaghabee et al., 2016). Another article
demonstrated excessive endogenous ethanol production
by three Klebsiella species in fructose-fed mice (Xue et al.,
2023).
These data therefore indicate that fructose

fermentation, at least to a considerable extent, occurs
in the small intestine. Moreover, it is evident that
fructose fermentation by the gut microbiota can produce
metabolites such as acetate and ethanol, both of which
cause potential deleterious health effects. Thus, in
addition to the negative health effects of hepatic fructose
catabolism, fructose fermentation by the gut microbiota
can contribute to the production of (excessive) DNL
substrates and the subsequent development of obesity,

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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hepatic steatosis and insulin resistance (Fig. 1) (Ameer
et al., 2014).

Fructose impairs intestinal barrier function mediated by
the gut microbiota. A number of studies have indicated
that high fructose consumption impairs intestinal barrier
function by reducing the expression of tight-junction
proteins and decreasing mucus thickness, allowing for
an increased translocation of bacterial endotoxins (Guo
et al., 2021; Nier et al., 2019; Sellmann et al., 2015; Spruss
et al., 2012; Volynets et al., 2017). These endotoxins can
bind to toll-like receptor 4 in the liver, thereby activating
nuclear factor-kB (NF-κB) signalling pathways and
resulting in the release of inflammatory cytokines such
as TNF-α and IL-6. This, as a consequence, can promote
insulin resistance and hepatic steatosis. Two studies
demonstrated that impaired intestinal barrier function in
mice is mediated by fructose-induced alterations in gut
microbiota composition and microbial metabolites
(Yu et al., 2023; Zhao et al., 2020b). These studies
propose a protective role of Akkermansia muciniphila
(Yu et al., 2023) and Lactobacillus plantarum (Zhao et al.,
2020b), by attenuating fructose-induced inflammation
and fructose-induced intestinal barrier impairment.
However, in a recent randomized clinical trial involving
obese humans, excessive fructose intake did not result
in increased intestinal permeability or endotoxaemia
(Alemán et al., 2021).

Gut microbiota composition and ethnicity

SIM versus colonic microbiota. Due to the challenging
and often invasive nature of small intestinal sampling,
studies have frequently relied on ileostomy effluent
samples, and only limited studies have examined the
SIM composition in healthy individuals (Dlugosz et al.,
2015; Gangping et al., 2015; Seekatz Anna et al., 2019;
Shalon et al., 2023; Zilberstein et al., 2007). Analysis
of these samples revealed that the SIM is subject to
dynamic inter- and intraindividual variation and is less
diverse when compared to the relatively stable and diverse
colonic microbiota composition (Booijink et al., 2010).
The dynamic nature of the SIM is likely due to dietary
influences (Dagbasi et al. 2024; Zoetendal et al., 2012).
Although SIM composition varies along the different

parts of the small intestine, the small intestine is generally
characterized by a high relative abundance of the phyla
Bacillota (formerly Firmicutes) and Pseudomonadota
(formerly Proteobacteria) (Oren & Garrity, 2021), and
a low relative abundance of Bacteroidota (formerly
Bacteroidetes) (Yersin & Vonaesch 2024; Dlugosz et al.,
2015; Gangping et al., 2015; Leite et al., 2020; Nagasue
et al., 2022; Seekatz Anna et al., 2019; Shalon et al., 2023).
This is in contrast to the high relative abundance of
Bacillota and Bacteroidota among colon communities

(Yersin & Vonaesch 2024; Gangping et al., 2015; Leite
et al., 2020; Nagasue et al., 2022; Shalon et al., 2023).
Bacillota species with a high relative abundance in
the small intestine are primarily represented by LAB
belonging to the families of the Lactobacillaceae,
Streptococcaceae and Carnobacteriaceae, as well as
the genus Veillonella (Dlugosz et al., 2015; Leite et al.,
2020; Nagasue et al., 2022; Seekatz Anna et al., 2019;
Yersin & Vonaesch 2024). Pseudomonadota within the
small intestine are primarily represented by the bacterial
families Neisseriaceae, Pasteurellaceae (including the
abundant genera Haemophilus and Actinobacillus) and
Enterobacteriaceae (including a high abundance of genus
Escherichia) (Dlugosz et al., 2015; Leite et al., 2020).

Ethnic variations in gut microbiota composition. It has
been reported that there is a difference in dietary added
sugar intake between subjects of different ethnicities
(Thompson et al., 2009), and it is likely that the (small)
intestinal gut microbiota are involved in differential
dietary sugar catabolism. Multiple studies have suggested
that ethnicity plays a substantial role in the variations
in gut microbiota composition among individuals,
with those of the same ethnicity often exhibiting
more similar gut microbiota profiles (Boulund et al.,
2022; Deschasaux et al., 2018). Stearns et al. identified
ethnic differences in the gut microbiota of infants in
a Canadian cohort (Stearns et al., 2017). South Asian
infants particularly exhibited a high relative abundance of
the genera Streptococcus, Enterococcus and Lactobacillus,
belonging to the order Lactobacillales, and of the phylum
Bacillota. In contrast genera belonging to the order
Clostridiales, including Blautia, Pseudobutyrivibrio,
Ruminococcus and Oscillospira, were more prevalent
among White Caucasian infants. These ethnic variations
in the gut microbiota may be indicative of differences
in the maternal and infant diets. It was demonstrated
that significant ethnic differences in the gut microbiota
emerge from the age of 3 months and persist throughout
childhood (Mallott et al., 2023). Haemophilus spp. and
Prevotella copri were more prevalent in Black children
and adults than in White individuals (Mallott et al.,
2023). Several studies have shown a positive correlation
between the abundance of P. copri and obesity (Dong
et al., 2022; Gong et al., 2024; Squillario et al., 2023;
Stanislawski et al., 2019). One study, in particular,
suggested that this correlation may be influenced by
ethnicity, with a stronger association observed among
Black and Hispanic populations (Stanislawski et al.,
2019). On the contrary, Faecalibacterium, which has been
associated with anti-inflammatory properties and the
potential to promote gut health (Lopez-Siles et al., 2017;
Sokol et al., 2008), was less abundant in Black children
and adults than inWhite individuals (Mallott et al., 2023).

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Individuals from a Dutch, multiethnic cohort,
including participants of Dutch, Ghanaian, Moroccan,
African Surinamese, South-Asian Surinamese and
Turkish ethnicities, exhibited distinctive gut micro-
biota features, previously referred to as ‘enterotypes’
(Arumugam et al., 2011). The three enterotypes were
distinguished by a high prevalence of Bacteroides,
Prevotella or Clostridales (including Coprococcus,
Ruminococcus bromii and Oscillospira). The Dutch
exhibited a higher abundance of species within the
Clostridiales group; the Surinamese demonstrated a high
abundance of Bacteroides; and individuals of Moroccan,
Turkish and Ghanaian descent exhibited elevated levels of
Prevotella (Deschasaux et al., 2018). Of these enterotypes,
a high abundance of Prevotella is typically associated with
a diet rich in carbohydrates and simple sugars, whereas
the Bacteroides enterotype has been associated with
high protein and fat intake (Wu et al., 2011). Similarly,
Dwiyanto et al. observed significant ethnic differences in
gut microbiota composition in a multiethnic Malaysian
cohort and suggested that dietary habits serve as a
mediating factor for these ethnic differences within the
same community (Dwiyanto et al., 2021). Brooks et al.
studied ethnical gut microbiota differences among 1673
US individuals and found that 12 microbial taxa vary
consistently in abundance across ethnic groups (Brooks
et al., 2018). Most of these taxa have previously been
shown to be heritable and linked to human genetic
diversity.

These results show that ethnicity is a significant
determinant of gut microbial differences, evident even
in the early stages of life. However, it is important
to note that these studies utilize faecal samples and
therefore reflect only variations in the colonic micro-
biota. Diet is an important modulating factor of the
gut microbiota and has been demonstrated to contribute
to variations in gut microbiota composition between
ethnic groups (Borrello et al., 2022). In this regard
fructose, may contribute to differences in gut microbiota
composition across ethnicities, given that its consumption
varies among ethnic groups. Therefore, it is particularly
relevant to explore the impact of fructose on the gut
microbiota, to gain an in-depth understanding of its role
in gut microbiota-related ethnic health disparities.

Dietary fructose–gut microbiota–host effects

Fructose alters gut microbiota composition and affects
host health. Diet is widely accepted as an imported
modulating factor of the gut microbiota (David et al.,
2014; Rinninella et al., 2023), particularly in the
small intestine which is highly subject to dynamic
(diet-induced) changes (Booijink et al., 2010; Zoetendal
et al., 2012). The impact of high-fructose diets or fructose
supplementation on gut microbiota composition and

related metabolic effects is studied across various animal
models (Table 1). These studies predominantly focus on
the colonic microbiota, offering limited insights into the
SIM.
Dietary fructose supplementation in rats for 15 weeks

increased faecal Bacillota to Bacteroidota ratio (Akar
et al., 2021). This was accompanied by elevated plasma
levels of inflammatory cytokines, increased hepatic and
ileal NF-κB protein expression, suppression of ileal
tight-junction proteins, enhanced hepatic lipogenic gene
expression and reduced IRS-1 gene and protein expression
in the liver. Treatment of these rats with kefir, which is pre-
dominantly composed of Lactobacillus (98.8%), reversed
the fructose-induced Bacillota to Bacteroidota ratio and
ameliorated the associated metabolic disturbances (Akar
et al., 2021). This indicates that reshaping the microbiota
through kefir supplementation exerts a protective effect
against fructose-induced metabolic dysregulation.
This hypothesis is supported by evidence that

supplementation of L. plantarum in high fructose-fed
rats could reverse fructose-induced hepatic triglyceride
accumulation together with attenuation of suppressed
insulin signalling (Sumlu et al., 2022). Similarly,
administration of Lactobacillus reuteri in rats fed
a high-fructose diet ameliorated fructose-induced
oxidative stress, insulin resistance, hepatic lipogenic
gene expression and hepatic steatosis (Hsieh et al., 2013).
These findings, consistent with those observed after kefir
treatment, further underscore a potential protective role
of certain Lactobacillus species in mitigating the adverse
metabolic effects of a high-fructose diet. As previously
described, Lactobacillus species have been identified
as endogenous ethanol producers (Mbaye et al., 2024),
including L. reuteri (Kandler et al., 1980; Oh et al., 2019).
Therefore, it is important to note that bacteria within the
genus Lactobacillus, or even specific Lactobacillus species,
can exert both a protective role and harmful effects
considering their role in endogenous ethanol production.
Only limited studies have examined the effects of

fructose consumption on the gut microbiota in healthy
humans. In healthy adolescents aged 12–19 years, there
was a negative association between fructose consumption
and the abundance of the genera Streptococcus and
Eubacterium in the faecal microbiota (Jones et al., 2019).
In healthy adult women, the effects of a high-fructose
diet (100 g/day) through both a fruit-rich diet and
supplementation of HFCS were observed (Beisner
et al., 2020). After the fruit-rich diet an increased
relative abundance of Bacillota, containing beneficial
butyrate-forming genera including Faecalibacterium,
Anareostipes and Erysipelatoclostidium, and decreased
relative abundance of Bacteroidota was observed in stool
samples. In contrast, compared to the fruit-rich diet, the
HFCS-supplemented diet induced a decreased abundance
of Bacillota and increased abundance of the phylum

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Bacteroidota and genus Ruminococcus. This suggests
that the different formulations of fructose ingestion
have diverse effects on the gut microbiota, with HFCS
supplementation exhibiting more unfavourable effects.
The results of these studies demonstrate that

diet-derived fructose can alter the constituent gut micro-
biota, with a broad range of alterations being reported.
One of the most commonly observed fructose-induced
changes in the gut microbiota includes an increase
in the abundance of Bacillota and a decrease in the
abundance of Bacteroidota, resulting in a higher
Bacillota to Bacteroidota ratio. An increased Bacillota
to Bacteroidota ratio is often regarded as dysbiosis
and has been associated with obesity, although this
association remains controversial (Magne et al., 2020).
Together with the observed fructose-induced changes in
gut microbiota composition, negative metabolic effects
promoting increased pro-inflammatory cytokines levels,
intestinal barrier impairment, insulin resistance and
hepatic steatosis have been repeatedly described in animal
models. Moreover, a potential protective role has been
described for Lactobacillus species, in ameliorating these
deleterious fructose-induced metabolic effects. However,
further research is needed to confirm their applicability
in humans.

Conclusion

This review has highlighted the negative metabolic
effects of fructose catabolism and the key role of the
gut microbiota. Notably, there are significant differences
in gut microbiota composition across ethnic groups,
with diet being a major influencing factor. Additionally,
fructose intake varies between ethnic groups due to
differences in dietary habits, although data on this topic
is still limited. These variations in fructose consumption
may further shape gut microbiota composition and
SIM metabolism among different ethnicities. Therefore,
both ethnicity and variations in fructose intake could
potentially contribute to health disparities. Thus, a
comprehensive understanding of these interactions is
crucial for the advancement of personalized nutrition
strategies, with the ultimate objective of addressing
potential health disparities related to fructose catabolism.
We are currently conducting an ongoing double-blind

randomized controlled trial with the aim of gaining
further insight into the effect of high-dietary fructose
consumption on the acute fructose kinetics and its
metabolic effects in T2D individuals from White
and South-Asian Surinamese descent (the ‘ERIE’
trial, registered at clinicaltrials.gov as NCT05717608).
Moreover, this trial will assess both host and gut micro-
bial fructose catabolism and its correlation with oral
and faecal gut microbial composition as well as clinical
important health parameters.

Nevertheless, it is important to note that current
research on gut microbiota in relation to ethnicity
and fructose–gut microbiota interactions predominantly
pertains to the faecal microbiota. Still very little is known
about the effects on the SIM, which is of great inter-
est considering its role in fructose catabolism. Future
research in this area should therefore also focus on the
role of the small intestine microbiota. Novel techniques to
sample SIM, including capsule-based sampling methods
(Rezaei Nejad et al., 2019; Shalon et al., 2023; Tang et al.,
2020; Waimin et al., 2020), could advance research in this
field.
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Akar, F., Sumlu, E., Alçığır, M. E., Bostancı, A. & Sadi,
G. (2021). Potential mechanistic pathways underlying
intestinal and hepatic effects of kefir in high-fructose-fed
rats. Food Research International, 143, 110287.

Alemán, J. O., Henderson, W. A., Walker, J. M., Ronning,
A., Jones, D. R., Walter, P. J., Daniel, S. G., Bittinger, K.,
Vaughan, R., MacArthur, R., Chen, K., Breslow, J. L. &
Holt, P. R. (2021). Excess dietary fructose does not alter gut
microbiota or permeability in humans: A pilot randomized
controlled study. Journal of Clinical and Translational
Science, 5(1), e143.

Ameer, F., Scandiuzzi, L., Hasnain, S., Kalbacher, H. & Zaidi,
N. (2014). De novo lipogenesis in health and disease.
Metabolism, 63(7), 895–902.

Arumugam, M., Raes, J., Pelletier, E., Le Paslier, D., Yamada,
T., Mende, D. R., Fernandes, G. R., Tap, J., Bruls, T., Batto,
J.-M., Bertalan, M., Borruel, N., Casellas, F., Fernandez,
L., Gautier, L., Hansen, T., Hattori, M., Hayashi, T.,
Kleerebezem, M., … Bork, P. (2011). Enterotypes of the
human gut microbiome. Nature, 473(7346), 174–180.

Balvers, M., de Goffau, M., van Riel, N., van den Born,
B.-J., Galenkamp, H., Zwinderman, K., Nieuwdorp, M. &
Levin, E (2024). Ethnic variations in metabolic syndrome
components and their associations with the gut microbiota:
The HELIUS study. Genome Medicine, 16(1), 41.

Beisner, J., Gonzalez-Granda, A., Basrai, M.,
Damms-Machado, A. & Bischoff, S. C. (2020).
Fructose-induced intestinal microbiota shift following
two types of short-term high-fructose dietary phases. In
Nutrients.

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.



J Physiol 0.0 Fructose catabolism and its metabolic effects 15

Berg, G., Rybakova, D., Fischer, D., Cernava, T., Vergès, M.-C.
C., Charles, T., Chen, X., Cocolin, L., Eversole, K., Corral,
G. H., Kazou, M., Kinkel, L., Lange, L., Lima, N., Loy, A.,
Macklin, J. A., Maguin, E., Mauchline, T., Mcclure, R.,
… Schloter, M. (2020). Microbiome definition re-visited:
Old concepts and new challenges. Microbiome, 8(1),
103.

Beyer, P. L., Caviar, E. M. & McCallum, R. W. (2005). Fructose
intake at current levels in the United States may cause
gastrointestinal distress in normal adults. Journal of the
American Dietetic Association, 105(10), 1559–1566.

Bhat, S. F., Pinney, S. E., Kennedy, K. M., McCourt, C. R.,
Mundy, M. A., Surette, M. G., Sloboda, D. M. & Simmons,
R. A. (2021). Exposure to high fructose corn syrup during
adolescence in the mouse alters hepatic metabolism and
the microbiome in a sex-specific manner. The Journal of
Physiology, 599(5), 1487–1511.

Bode, J. C., Zelder, O., Rumpelt, H. J. & Wittkampy, U. (1973).
Depletion of liver adenosine phosphates and metabolic
effects of intravenous infusion of fructose or sorbitol in man
and in the rat. European Journal of Clinical Investigation,
3(5), 436–441.

Boden, G., She, P., Mozzoli, M., Cheung, P., Gumireddy,
K., Reddy, P., Xiang, X., Luo, Z. & Ruderman, N. (2005).
Free fatty acids produce insulin resistance and activate the
proinflammatory nuclear Factor-κB pathway in rat liver.
Diabetes, 54(12), 3458–3465.

Boehm, R., Cooksey Stowers, K., Schneider, G. E. & Schwartz,
M. B. (2022). Race, ethnicity, and neighborhood food
environment are associated with adolescent sugary drink
consumption during a 5-year community campaign. Journal
of Racial and Ethnic Health Disparities, 9(4), 1335–1346.

Booijink, C. G. M., El-Aidy, S., Rajilić-Stojanović, M., Heilig,
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